Choline acetyltransferase (ChAT), the enzyme that synthesizes the neurotransmitter acetylcholine (ACh), is thought to be present in kinetic excess in cholinergic neurons. The rate-limiting factor in ACh production is the provision of choline to ChAT. Cholinergic neurons are relatively unique in their expression of the choline transporter 1 (CHT1), which exhibits high-affinity for choline and catalyzes its uptake from the extracellular space to the neuron. Multiple lines of evidence indicate that the activity of CHT1 is a key determinant of choline supply for ACh synthesis. We examined the interaction of ChAT and ChT activity using mice heterozygous for a null mutation in the Chat gene (Chatϩ/Ϫ). In these mice, brain ChAT activity was reduced by 40 -50% relative to the wild type, but brain ACh levels as well as ACh content and depolarization-evoked ACh release in hippocampal slices were normal. However, the amount of choline taken up by CHT1 and ACh synthesized de novo from choline transported by CHT1 in hippocampal slices, as well as levels of CHT1 mRNA in the septum and CHT1 protein in several regions of the CNS, were 50 -100% higher in Chatϩ/Ϫ than in Chatϩ/ϩ mice. Thus, haploinsufficiency of ChAT leads to an increased expression of CHT1. Increased ChT activity may compensate for the reduced ChAT activity in Chatϩ/Ϫ mice, contributing to the maintenance of apparently normal cholinergic function as reflected by normal performance of these mice in several behavioral assays.
Introduction
The neurotransmitter acetylcholine (ACh) is required for the central and peripheral control of movement, autonomic nervous system function, regulation of sleep, and multiple cognitive processes including timing, attention, learning, and memory. Cholinergic neurons express three proteins with combined activities that ensure efficient synthesis, storage, and release of ACh: (1) the sodium-dependent high-affinity choline transporter (ChT) catalyzes the uptake of choline from the extracellular space to the neuronal cytoplasm; (2) choline acetyltransferase (ChAT) synthesizes ACh, using choline and acetyl-CoA as substrates; and (3) the vesicular acetylcholine transporter (VAChT) packages the cytoplasmically formed ACh into secretory synaptic vesicles. Studies using biochemical and pharmacological approaches indicate that cholinergic nerve terminals may contain ChAT activity in kinetic excess of what is needed to support normal synthesis of ACh (for review, see Blusztajn and Wurtman, 1983) , and two recent observations in vivo are consistent with this notion. In humans, polymorphism of the CHAT gene underlies the etiology of one form of presynaptic congenital myasthenic syndrome (CMS) designated as CMS with episodic apnea (CMS-EA) (Ohno et al., 2001; Byring et al., 2002) . In this disease, the affected individuals inherit two abnormal CHAT alleles. Most of the different mutant alleles encode proteins characterized by lower affinity for one or both of the two ChAT substrates. One variant is a frameshift mutation generating a true null allele and thus an inactive enzyme. Heterozygote parents of the CMS-EA patients are asymptomatic (Ohno et al., 2001) . Similarly, whereas Chat null mice are stillborn and display developmental abnormalities because of the total lack of ACh, Chatϩ/Ϫ mice appear to be grossly normal and are fertile (Misgeld et al., 2002; Brandon et al., 2003) . Together, these data suggest that a loss of as much as one-half of normal ChAT activity is well tolerated. However, because the rate of ACh synthesis could be diminished when ChAT activity is reduced, it is possible that a lowered rate would compromise the normal functioning of cholinergic neurons and that a compensatory change might be required to offset the loss of ChAT activity and maintain normal levels of ACh. Because the rate-limiting factor in the synthesis of ACh is thought to be the supply of its precursor, choline (for review, see Blusztajn and Wurtman, 1983) , such a compensatory mechanism might entail an increased delivery of choline to ChAT. Choline is an essential nutrient for mammals, including humans (Food and Nutrition Board, 1998) , and consequently most of the choline used for ACh synthesis derives from the diet, whereas a smaller fraction is synthesized de novo (Blusztajn and Wurtman, 1983) predominantly by the liver (Walkey et al., 1997; Watkins et al., 2003) but additionally in situ by brain cells (Blusztajn and Wurtman, 1981; Lakher and Wurtman, 1987) , including cholinergic neurons (Blusztajn et al., 1987) . The diet-derived and endogenously synthesized circulating choline enters the brain via a blood-brain barrier transporter (Pardridge and Oldendorf, 1977; Klein et al., 1990) . Once in the extracellular space of the brain, choline can be taken up by all cells and used as a precursor of structural membrane phospholipids such as phosphatidylcholine and sphingomyelin and uniquely by cholinergic neurons for the conversion to ACh (for review, see Blusztajn and Wurtman, 1983) . Phosphatidylcholine in these neurons also comprises a storage pool of choline, and the hydrolysis of phosphatidylcholine catalyzed by phospholipase D liberates choline from this reservoir for the conversion to ACh by ChAT (Lee et al., 1993; Zhao et al., 2001) . In cholinergic nerve terminals, however, most of the choline for ACh is taken up from the extracellular space by ChT. In a variety of experimental models, the rates of ACh synthesis correlate well with the activity of ChT, and choline transport catalyzed by ChT can be rapidly stimulated by increased neuronal activity (Murrin and Kuhar, 1976; Collier and Ilson, 1977; Polak et al., 1977; Sherman et al., 1978) , indicating that this process responds to an increased demand for choline when ACh synthesis and release are high. The latter appears to be mediated by a recruitment of ChT molecules from a synaptic vesicular pool to the plasma membrane resulting in an increased maximal transport rate (V max ) of choline transport without a change in the substrate concentration at which the transport rate is one-half V max (K t ) . Moreover, in the brain, almost all ChAT-expressing neurons also express ChT, indicating that ChT is a key component of the cholinergic phenotype (Misawa et al., 2001; Kus et al., 2003) . ChT exhibits high affinity for choline (K t , ϳ0.5-5 M), and its activity is potently inhibited by hemicholinium-3 (HC-3) (Yamamura and Snyder, 1973) . These properties have been explored in functional studies of this protein (Dowdall and Simon, 1973; Haga and Noda, 1973; Kuhar et al., 1973; Apparsundaram et al., 2000; Okuda et al., 2000) . The gene encoding the neuronal ChT has been cloned recently and designated CHT1 (Apparsundaram et al., 2000; Okuda et al., 2000) , permitting the use of molecular biological techniques and generation of antibodies for the assessment of its tissue levels and distribution. Here, we tested the hypothesis that ChT may be upregulated when ChAT activity is reduced using the heterozygous Chatϩ/Ϫ mouse model. We found that in hippocampal slices from Chatϩ/Ϫ mice, ChT activity and protein levels are upregulated by 50 -100% relative to slices from control mice and that CHT1 mRNA levels are similarly increased in the septum, a brain region containing the cell bodies of cholinergic neurons that project to the hippocampus. Presumably as a result of this upregulation, total ACh and depolarization-evoked ACh release are normal. Moreover, no behavioral abnormalities were observed in the Chatϩ/Ϫ mice.
Materials and Methods

Mice
All mice used in these experiments were offspring between two and seven generations removed from the original founders carrying the Chat null allele, Chat tm1Fhg (Brandon et al., 2003 (Fonnum, 1975) as described previously (Pizzo et al., 1999 (Fonnum, 1975) . The protein content of the samples was determined by the method of Lowry et al. (1951) . ChAT activity is expressed as nanomoles of ACh formed per milligram of tissue per minute. AChE activity is expressed as micromoles ACh hydrolyzed per milligram of protein per minute.
Tissue ACh content Experiment 1. Mice were pretreated with 0.32 mg/kg physostigmine 30 min before they were killed to maximally inhibit endogenous cholinesterase activity. Mice were killed by decapitation, and the brains were rapidly removed and chilled. Specific brain regions were rapidly dissected and denatured with 100 l of 10% trichloroacetic acid (TCA) with brief sonication, enabling extraction of choline and ACh. The samples were centrifuged, and the precipitate was retained for protein analysis. The supernatant fluid was further purified by centrifugation through a 5000 kDa molecular weight cutoff filter (Millipore, Bedford, MA). To remove the TCA and lipids, the supernatant was subjected to four sequential extractions with water-saturated ethyl ether. The final ACh extract was stored at Ϫ80°C. ACh content was determined by HPLC using a commercial kit from Bioanalytical Systems (West Lafayette, IN) . The protein precipitate was solubilized using Solvable (Packard Instrument Company, Meriden, CT), and protein content was determined using the method of Lowry et al. (1951) .
Experiment 2. Mice were deeply anesthetized with CO 2 and killed by decapitation. Brains were rapidly removed, and cortex and striatum were dissected. ACh and choline were extracted from brain cerebral cortex and striatum by preparing a 2% tissue homogenate in a mixture of methanol: 1N formic acid (1:0.1 by volume) and centrifuging to obtain a protein pellet. The supernatant fluid was then extracted with two volumes of chloroform and one volume of water. The samples were vortex mixed and centrifuged for 10 min at 2000 rpm. The aqueous phase was collected, dried under a vacuum, and reconstituted in 200 l of water. ACh and choline contents were determined by HPLC using a commercial kit from BAS. Protein content of the extracts was determined by the method of Smith et al. (1985) .
ACh synthesis from choline transported by ChT
Mice were anesthetized with CO 2 and then decapitated. Each brain was removed rapidly, and the hippocampus was dissected, placed on ice, and cut into 400 m transverse slices using a McIlwain tissue chopper (Mickle Laboratory Engineering, Guildford, Surrey, UK). The slices were incubated in tissue strainers (five slices per strainer) at 37°C for 1 hr in a physiological salt solution, NaPSS, pH 7.4 (145 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 0.75 mM MgSO 4 , 10 mM glucose, and 10 mM HEPES) with 15 M neostigmine (Sigma, St. Louis, MO). During this period, strainers were transferred to fresh buffer every 15 min, allowing the released molecules to be removed so that they did not interfere with the remaining part of the experiment. Each strainer was incubated for 10 min in a well containing NaPSS, 1 M [ 3 H]choline (3 Ci/ml; Du Pont, Boston, MA), and 15 M neostigmine (Sigma), either with or without 10 M HC-3 (Sigma). Slices were then washed with ice-cold NaPSS. ACh and choline were extracted with 600 l of methanol, processed as described above for experiment 2, and their mass was determined by HPLC. After separation by HPLC, the ACh and choline fractions as well as a baseline sample were collected and their radioactivities determined by liquid scintillation spec-trophotometry. To obtain a measure of [ 3 H]ACh and [ 3 H]choline derived from choline specifically transported by ChT, the amount of radioactivity in [
3 H]choline and [ 3 H]ACh fractions in the presence of HC-3 was subtracted from that measured in the absence of HC-3. The mass of choline taken up by ChT, and of newly synthesized ACh, was calculated by dividing the radioactivity (in disintegrations per minute) of the choline and ACh fraction by the specific radioactivity of the [ 3 H]choline precursor added to the medium. To determine the amount of choline taken up by ChT and of newly synthesized ACh as a fraction of the total intracellular choline and ACh, respectively, the mass of choline taken up by ChT and of newly formed ACh, calculated as described above, was divided by the total choline and ACh mass, respectively, as determined by HPLC. These calculations permitted the determination of the degree of enrichment of the total choline pool with that taken up by ChT and of the ACh pool with newly synthesized ACh and allowed normalization of results from three separate experiments.
Potassium-evoked ACh release
Hippocampal slices were prepared as described above. Five slices were transferred into each cell strainer and were allowed to equilibrate for 1 hr at 37°C in NaPSS with 15 M neostigmine. Slices were then incubated at 37°C for 5 min periods sequentially in a normal (NaPSS) or depolarizing (KPSS: 105 mM NaCl, 45 mM KCl, 1 mM CaCl 2 , 0.75 mM MgSO 4 , 10 mM glucose, and 10 mM HEPES) solution with 15 M neostigmine as follows: NaPSS, KPSS, NaPSS, KPSS, NaPSS, KPSS, NaPSS, KPSS. The medium from each 5 min incubation was collected and centrifuged to remove debris, and ACh and choline contents were determined by HPLC as described above. ACh and choline were also extracted from the slices and quantified by HPLC as described above.
Reverse transcriptase PCR
Mice were anesthetized by CO 2 inhalation and decapitated. Each brain was removed rapidly, and the septum was dissected. The RNA was extracted using phenol/chloroform method (Chomczynski and Sacchi, 1987) and precipitated once with isopropanol and then with ethanol. RNA was redissolved in DEPC-treated water, and its quantity was determined using RiboGreen RNA quantitation reagent and kit (Molecular Probes, Eugene, OR) and a Victor 3 multilabel plate reader (PerkinElmer Life Sciences, Emeryville, CA). The RNAs were used for reverse transcriptase (RT)-PCR using Superscript One-Step RT-PCR with Platinum Taq (Invitrogen, San Diego, CA). First strand cDNA synthesis was performed with 20 ng of total RNA, oligo dT primer, and reverse transcriptase at 48°C (45 min). Primers used for PCR include glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (BD Biosciences, San Jose, CA) and CHT1 (Forward: CGGGGAACCATTGAATTCGTT-GAAGTCTAC; reverse: GGGGCAAGCTTCCACTTTCAAATAGA-GATACT). PCR was performed using Platinum TaqDNA polymerase with a denaturing step for 2 minat 94°C followed by 32 cycles of 45 sec at 94°C, 1 min at 55°C, and 2 min at 72°C and terminated by an elongation step at 72°C for 7 min. Under these conditions, the amount of the CHT1 PCR product was proportional to the amount of the RNA analyzed (data not shown). PCR products were analyzed by electrophoresis on a 10% polyacrylamide gel, stained with ethidium bromide, and visualized with the Kodak (Rochester, NY) Image Station 440. Band intensities were quantified using Kodak ID software.
Western blot analysis
For Western blot analysis, whole tissue extracts were prepared by adding lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Nonidet NP-40, 10% glycerol, 2 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 1 g/ml leupeptin, 2 g/ml aprotinin, 2 g/ml pepstatin) to a frozen sample of a CNS region or hippocampal slice, gently sonicating, incubating for 15 min on ice, and briefly centrifuging to clear. The extracts were normalized for total protein and subjected to SDS-PAGE. After transfer of protein to an Immoblin P membrane (Millipore), the membrane was blocked with 5% nonfat dry milk in 1ϫ Tris-buffered saline (TBS) containing 0.1% Tween 20 for 1 hr and then probed with affinity-purified rabbit anti-CHT1 polyclonal antibody AB5966 (1:1000; Chemicon, Temecula, CA) overnight. The antibody/antigen complexes on the membranes were detected using a peroxidase-conjugated anti-rabbit IgG (1: 5000) and visualized using the enhanced chemiluminescence method (Western Lightning; PerkinElmer Life Sciences) and a Kodak Image Station 440. Digitized images of immunoblots were quantified using Kodak ID software.
Behavioral analyses
All testing was performed during the light phase of the 12 hr light/dark cycle. Mice tested were males, 6 -12 months of age. All experiments were performed using age-matched littermate controls. Two of the tested cohorts were of a mixed genetic background (on average, 50% C57BL/6, 50% 129S4; referred to herein as 50/50 background), and two cohorts were of a uniform 129S4 genetic background.
Activity chamber. Activity was monitored over the course of 60 min in a square 1 ϫ 1 m Plexiglas chamber using an automatic infrared photobeam interruption system (San Diego Instruments, San Diego, CA) in a darkened room. The chamber was cleaned with 10% ethanol between each session. Results were analyzed by repeated measures ANOVA.
Rotarod. All mice were naive to the task before any testing. Mice were placed on the apparatus (Rotamex 4/8; Columbus Instruments, Columbus, OH) while it was idling at 5 rpm. In the first set of experiments, rotation was accelerated from 5 to 65 rpm over the course of 3 min, and mice were tested on three trials per day, with an intertrial interval of ϳ2 min for five sequential days. Latency to fall was automatically recorded; if a mouse remained on the rod for an entire trial, it received the maximum score. In the endurance version of the task, rotation was increased from 5 to 15 rpm over the course of 60 min, and mice were tested only one time each. During a 60 min trial, mice were allowed to fall off up to a total of 10 times, and immediately after each fall were placed back on the rotarod. Time of each of the (up to) 10 falls was recorded by hand. Results were analyzed by repeated measures ANOVA.
Water maze. The water maze used was 1.3 m in diameter, and the platform was 10 ϫ 10 cm, set 25 cm from the wall of the pool and 1 cm below the surface of 26°C opaque water. All trials were recorded with an automatic tracking system (San Diego Instruments). Before training, each mouse was placed on the platform for 30 sec. With the first group of mice, visible platform training (two trials per day for 2 d) was performed before hidden platform training, but this test was not included with subsequent groups. Hidden platform training (two trials per day) was initiated from each of four quadrants in a balanced pseudorandom order, with the mouse facing the wall. Mice were allowed 60 sec to find and climb onto the platform; if they did not find it in 60 sec, they were placed gently on the platform by the experimenter. Mice rested on the platform for 10 sec between trials. Mice were trained for 8 d, and in the reversal version of the paradigm, the platform location was shifted to the opposite quadrant for six more days of training. Probe trials were conducted with the platform removed at the following time points: 4 hr after training on days 4, 8, 11, and 14, and 23 hr after training on days 8 and 14. Variables measured during training trials included latency to find platform, swim distance to platform, swim speed, and average distance from mouse to platform. Additional measures for probe trials included time spent in each quadrant, swim distance in each quadrant, and number of platform location crossings. Results were analyzed by ANOVA.
Results
ChAT activity and AChE activity in Chat heterozygous adults Similar to our observations with heterozygous embryos (Brandon et al., 2003) , compared with wild-type littermates, adult mice carrying one null allele of the Chat gene have a highly significant, 40 -50% reduction in ChAT activity in several brain structures. These structures include the cortex, hippocampus, septum, striatum, and olfactory bulb (Fig. 1a) . In contrast to the dramatic depletion in ChAT activity found in the Chatϩ/Ϫ mice, no difference in AChE activity was observed between heterozygous and wild-type mice (Fig. 1b) .
Behavioral analyses of Chat heterozygous mice
The Chatϩ/Ϫ mice offer a unique opportunity to assess the behavioral effects of a 40 -50% reduction in ChAT activity. We hypothesized that behavioral effects could arise from ACh deficiency in any number of the various cholinergic systems, including those required for either motor or cognitive functions, and therefore mice were tested in a battery of behavioral assays.
Testing activity in a novel open field could reveal differences in motor function (overall activity), learning (decreased exploration over the course of each session), or anxiety (thigmotaxis; central versus peripheral activity). Mice of mixed 50/50 genetic background (on average 50% C57BL/6, 50% 129S4) were tested in a 1 hr session, and no differences were observed in overall activity or in the extinction curves that reflect the decreased exploration that occurs as time in the chamber increases (Fig. 2a) . Subsequently, heterozygous and wild-type littermates of a uniform genetic background (100% 129S4) were tested to reduce potential variability because of the mixed background and increase the likelihood of detecting a subtle difference between genotypes. The 129S4 mice were tested in 1 hr sessions on two sequential days, and again, no differences between the genotypes were detected ( p Ͼ 0.05; data not shown). Furthermore, in neither of these experiments were differences observed between genotypes on central activity only or peripheral activity only (all p Ͼ 0.05; data not shown).
Chat heterozygotes were compared with wild-type littermates in an accelerating rotarod paradigm. This test could reveal differences in motor function, motor learning, or fear-motivated behavior. As shown in Figure 2b , Chatϩ/Ϫ mice of the 50/50 background showed no difference from control littermates when tested three times per day for five sequential days. Mice of the 129S4 background also showed no difference between genotypes in this paradigm ( p Ͼ 0.05; data not shown). We hypothesized that the reduced ChAT activity in heterozygotes might only manifest as a defect under conditions of great demand for ACh synthesis, as might occur if synapses were required to release ACh repeatedly over an extended period. Therefore, we also tested Chatϩ/Ϫ mice in an "endurance" version of the rotarod. In this paradigm, naive mice were placed on the rotarod at 5 rpm, and speed was accelerated to 15 rpm over the course of 1 hr. The latency to each of the first 10 falls was measured, and no differences between genotypes were detected ( p Ͼ 0.05; data not shown).
Last, several cholinergic systems in the brain are thought to be involved in cognition. Therefore, the Chatϩ/Ϫ mice were tested in the water maze, which is a test that requires motor function, spatial navigation, learning, and recall. Chat heterozygotes of the 50/50 background showed no difference from control littermates in any measure on the visual platform version of the task (all p Ͼ 0.05; data not shown) or in hidden platform training using two trials per day over 8 d (Fig. 2c) . To assess the ability of the mice to replace a previous solution with a new correct solution to the task, we tested Chatϩ/Ϫ mice in reversal learning as well. Again, no differences were observed between genotypes on any measure, including latency to find the platform, distance swam to platform, or swim speed. Probe trials, wherein the hidden platform is removed and the animal's swim pattern is recorded, were conducted 4 and 24 hr after day 4 training, day 8 training, and day 14 "retraining," and no significant differences were found in time spent or distance swam in correct quadrant, platform location crossings, or mean distance from the platform location during the trial (typical trial shown in Fig. 2d ). This training and retraining protocol was repeated with an additional cohort of mice of the 129S4 background, and again, no differences were observed in any of the measures (all p Ͼ 0.05; data not shown). In summary, the Chat heterozygotes were found to be normal in both learning and performance of motor and nonmotor tasks, even under relatively challenging conditions.
The lack of behavioral defects in these mice despite testing several independent groups of mice in a wide array of tests, including rather demanding versions of these tests, was striking. How does one reconcile the consistent reduction in ChAT activity, but normal behavioral abilities, of the Chat heterozygotes? One obvious possibility is that in normal mice, ChAT is simply expressed in at least twofold excess of the amount needed biologically with 50% of normal activity being entirely sufficient for cholinergic function. Alternatively, mechanisms may exist or may have arisen in these mice to maintain normal releasable amounts of ACh in the context of reduced ChAT activity. To determine whether the reduction in ChAT activity reduced the amount of total ACh, we measured ACh levels in several brain regions.
Tissue ACh content and ACh release
ACh content in the cortex and striatum was measured in Chatϩ/ϩ and Chatϩ/Ϫ mice in two independent experiments. There was no significant difference in the ACh content between the two groups in any brain region (Fig. 3a) . Therefore, Chatϩ/Ϫ mice are able to maintain normal levels of intracellular ACh despite reduced activity of ChAT.
ACh was released from hippocampal slices at rest, and this basal release increased fourfold to fivefold during incubation in a depolarizing medium (Fig. 3b) . Hippocampal slices from Chatϩ/Ϫ mice were capable of sustaining this high rate of ACh release during four periods of depolarization. Choline was also released into the medium, but this release was unaffected by either depolarization or the animal's genotype (Fig. 3c) . This apparently normal sustained ACh release observed in vitro is consistent with the ability of Chatϩ/Ϫ mice to maintain normal cholinergic function.
Choline transport and ACh synthesis
The amounts of choline taken up by ChT and of ACh derived from this choline was determined by incubating hippocampal slices with [ 3 H] choline (1 M for 10 min) in the presence or absence of a ChT inhibitor, HC-3 (10 M), and calculating the HC-3-sensitive enrichment of the endogenous pools of these compounds with the labeled [ 3 H]choline. In Chatϩ/Ϫ mice, the enrichment of the free-choline pool with choline taken up by ChT was 110% higher than in the wild-type animals (Fig. 4a) . Moreover, the enrichment of the ACh pool was 60% higher in the Chatϩ/Ϫ mice than in the controls (Fig. 4a) . These results indicate that ChT activity is strikingly increased in Chatϩ/Ϫ mice.
CHT1 mRNA and protein levels
To determine whether these results are attributable to the increased expression of CHT1 in the cholinergic neurons of the septohippocampal pathway, CHT1 mRNA was measured in the septum, where the cell bodies reside, and CHT1 protein was measured in the hippocampus, which contains their terminals. Using RT-PCR, we detected a single 840 base pair PCR product as expected. The amount of the CHT1 mRNA was ϳ70% higher in the septum from Chatϩ/Ϫ mice compared with Chatϩ/ϩ animals (Fig. 4b,c) .
CHT1 protein levels were assessed by Western blot analysis. In our hands, CHT1 appears as a single band of ϳ63 kDa in the Figure 3 . Normal levels of ACh in Chat heterozygotes. a, Tissue ACh content in the striatum, hippocampus, and cortex of Chatϩ/ϩ and Chatϩ/Ϫ mice. Two separate methods were used to assay ACh content using HPLC as described in Materials and Methods. In both experiments, there were no significant differences between the two groups of mice in any of the brain regions assayed. STR, Striatum; FCTX, frontal cortex; HPC, hippocampus; CTX, cortex. b, c, Potassiumevoked ACh and choline release in Chatϩ/ϩ and Chatϩ/Ϫ mice. Hippocampal slices were incubated in each solution for 5 min, and ACh ( b) and choline ( c) levels in the medium were measured using HPLC as described in Materials and Methods. No significant differences in ACh or choline release were observed between the groups.
spinal cord and as a doublet of ϳ66 and 73 kDa in the brain (Fig.  4d) . This pattern is consistent with previous reports (Misawa et al., 2001; Ferguson et al., 2003) . Similar results were obtained with two additional anti-CHT1 antibodies (data not shown). As shown in Figure 4 , d and e, CHT1 levels were approximately twofold higher in the hippocampus of Chatϩ/Ϫ mice compared with Chatϩ/ϩ mice. These data are in good agreement with the activity measurements reported above (Fig. 4a) . Similar changes in CHT1 protein levels were observed in striatum, cerebral cortex, and spinal cord (Fig. 4d,e) .
Discussion
Mice that express a single active Chat allele, and thus have approximately one-half of the wild-type ChAT activity in the CNS, do not exhibit behavioral defects, contain normal amounts of ACh in the brain, and release normal amounts of ACh in vitro. These data indicate that a 50% reduction in ChAT activity is well tolerated. Therefore, the following question arises: how much of a decline in ChAT activity is needed to reduce ACh levels and manifest a behavioral defect? In mice treated with the ChAT inhibitor 4-(1-naphtylvinyl)pyridine (NVP) (250 mg/kg), a 60% drop in ChAT activity resulted in a 20% reduction of brain ACh levels after swimming stress (Krell and Goldberg, 1975) , whereas in an analogous experiment in rats, NVP (200 mg/kg) caused a reduction in brain ACh levels by 90% (Budai et al., 1986) . In rats treated with the ChAT inhibitor BW813U, a 60% reduction of ChAT activity did not impair performance on a previously learned spatial task (the rate of acquisition was not tested) (Wenk et al., 1986) . Clinical evidence indicates that the threshold beyond which reduced ChAT activity causes functional impairments is quite close to 50%. One of the patients with CMS-EA studied by Ohno et al. (2001) was a compound CHAT heterozygote with one null allele and one allele encoding a CHAT protein with a V506L substitution. This patient was symptomatic even though the activity of the V506L CHAT isoform was not severely reduced.
One way that normal ACh production could be sustained in the presence of reduced amounts of Chat protein might be via an increased affinity of the enzyme for one or both of its substrates, acetyl-CoA and choline, or by a mechanism that increases the supply of these substrates to the enzyme without alterations in its kinetic properties. Little is known about in vivo regulation of the affinity of ChAT for its substrates. Polymorphism in the CHAT gene results in the production of CHAT proteins that, when expressed in bacteria, exhibit wide-ranging affinities for its substrates and a range of V max values (Ohno et al., 2001 ). However, no information is available about the regulation of these properties in vivo. Wild-type CHAT expressed in bacteria or in human cells exhibits an increased V max when phosphorylated by protein kinase C (PKC) (Dobransky et al., 2000 (Dobransky et al., , 2001 , suggesting that activation of PKC in neurons may increase ACh production.
An increased supply of acetyl-CoA to ChAT could also accelerate ACh synthesis. However, given that this compound is used by all cells for energy generation and fatty acid synthesis, it has been difficult to study the regulation of acetyl-CoA production specifically in cholinergic neurons and to identify intraneuronal pools of this compound used for ACh synthesis (for review, see Jope, 1979; Tucek, 1990) . Increased availability of glucose, a metabolic precursor of acetyl-CoA, increases acetyl-CoA levels and stimulates ACh synthesis (Ricny and Tucek, 1980; Dolezal and Tucek, 1982) . However, little is known about physiological mechanisms that may increase acetyl-CoA synthesis in cholinergic neurons, although the enzyme that generates acetyl-CoA in the cytoplasm of these cells, ATP-citrate lyase, is more highly expressed in these neurons than in other cells of the CNS (Tomaszewicz 3 H]choline was also measured in the presence and absence of HC-3. The amount of ACh synthesized from ChT-transported choline was calculated by subtracting the amount of ACh synthesized in the presence of HC-3 from the amount of ACh produced in the absence of HC-3. The newly made ACh constituted a higher fraction of the HC-3-sensitive ACh pool in the Chatϩ/Ϫ mice than it did in the wild-type littermates ( p Ͻ 0.05). b, RT-PCR of CHT1 mRNA in Chatϩ/ϩ and Chatϩ/Ϫ mice. Septal RNA was used for RT-PCR of CHT1 and GAPDH. As expected, the PCR product from the amplification of CHT1 was present as an 840 bp band. The PCR product from the amplification of GAPDH was present as a 983 bp band. c, CHT1 product levels were quantified by Kodak Image Station Software and normalized to GAPDH product levels. The results are presented as a percentage of wild-type control Ϯ range. d, CHT1 protein levels in Chatϩ/ϩ and Chatϩ/Ϫ mice. CHT1 protein levels in several CNS structures were measured by Western blot analysis. Chatϩ/Ϫ mice have an approximately twofold increase in CHT1 protein levels in each of the brain regions compared with Chatϩ/ϩ mice. e, CHT1 levels were quantified by Kodak Image Station Software and are presented as a percentage of wild-type control Ϯ range. STR, Striatum; CTX, cerebral cortex; HPC, hippocampus; SC, spinal cord. citrate lyase is regulated by the demand for acetyl-CoA in cholinergic neurons.
The principal finding reported here is that ChT is dramatically upregulated in Chat heterozygotes. Therefore, a 50% loss of normal ChAT activity produces an apparently adaptive response that increases the supply of choline to ChAT and thereby accelerates ACh synthesis. This kind of adaptation indicates the existence of a mechanism that detects a drop in ChAT activity. It is likely that this hypothetical mechanism monitors the demand for ACh (e.g., the cholinergic neuron firing rate or presynaptic receptor activity) rather than ChAT activity per se. Indeed increased neuronal activity acutely stimulates ChT function (Murrin and Kuhar, 1976; Collier and Ilson, 1977; Polak et al., 1977; Sherman et al., 1978; Marchbanks, 1982) , and the reliability of this phenomenon has formed the basis for the proposal that measurements of ChT activity in vitro can be used as an index of the in vivo firing rate of cholinergic neurons (Simon, et al., 1976 ). In the current study, the increased ChT activity in Chatϩ/Ϫ mice correlated with the amount of CHT1 mRNA and protein, suggesting that in addition to rapid ChT activation reported previously (Murrin and Kuhar, 1976; Collier and Ilson, 1977; Polak et al., 1977; Sherman et al., 1978; Marchbanks, 1982) , ChT may also be regulated at the level of transcription. If this is the case, then CHT1 may be a member of a large set of genes with transcription that is regulated by neuronal activity (West et al., 2001) .
Behavioral and physiological data indicate that cholinergic neurotransmission is relatively normal in Chatϩ/Ϫ mice and in people expressing a single copy of a mutant CHAT allele. Our data suggest that this phenotype may be attributable to, at least in part, a compensatory increase of choline transport and imply that cholinergic neurotransmission in humans and animals with reduced ChAT activity would become vulnerable to defects in CHT1 function. A mutant CHT1 allele occurring with a 6% frequency among Ashkenazi Jews has been discovered recently (Okuda et al., 2002) . The mutant allele encodes an amino acid substitution in the CHT1 protein (I89V) that results in a 40 -50% reduced V max of choline transport compared with the wild type when measured in a cell culture expression system. However, no phenotype associated with this polymorphism has been described to date.
In summary, the Chatϩ/Ϫ mouse model demonstrates that a 50% loss of ChAT activity causes an induction of CHT1 mRNA, and an increase in CHT1 protein abundance, and ChT activity. ChT induction increases the provision of choline to ChAT and thus may constitute a compensatory mechanism that contributes to the maintenance of normal cholinergic neurotransmission in Chatϩ/Ϫ mice.
